with the ICM situated at one end, which we will call In the mouse, explicit pattern in the tissue that will generproximal. More recently it has been confirmed that the ate the future organism only becomes apparent onenascent blastocyst is also bilaterally symmetrical, being third of the way through a gestational period of 3 weeks.
dorsal mesoderm in other vertebrates and the extraemplaces as fast as every 2 hr (Snow, 1977) . Furthermore, unlike the predominantly coherent growth seen in prebryonic and lateral mesoderm to ventral. Hence, the origin of the primitive streak is critical in defining not gastrula Xenopus embryos, the epiblast cells of the mouse intermix extensively before gastrulation (see beonly the A-P but also the D-V axis. Since the orientation of the L-R axis is dependent on the orientation of the low). These differences, together with the early activation of the zygotic genome, early degradation of materother two axes, L-R pattern also ultimately relies on where the streak forms. Not surprisingly, this morphonal mRNA, and the lateness of gastrulation, make it hard to see how determinants present in the mouse egg could logical sequence of events suggested that pattern formation in the mammalian embryo could be explained persist long enough directly to influence embryonic pattern. However, if embryonic pattern is dictated by the once the cues for localizing streak formation were understood.
early axis of bilateral asymmetry in the blastocyst, then it is conceivable that pattern in the fertilized egg could It is worth remembering that as well as the presence of elaborate extraembryonic tissues, mammalian embryos determine the axes of the conceptus and thereby those of the embryo. arrive at gastrulation in a very different state to that of other vertebrate embryos. There is a marked difference in size, there being only about 600 epiblast cells when
Axes of the Conceptus
In a trivial sense the proximal-distal axis of the blastogastrulation begins in mouse compared with several thousand cells in an equivalent stage Xenopus embryo.
cyst obviously corresponds to the D-V axis of the embryo (Figure 1 ). However, this is more of a geometrical Presumably because of this, mouse embryos grow rapidly during the periimplantation period and, unlike Xenocoincidence than one that has meaning in terms of determining pattern formation. As stated above, the D-V pus, continue to do so throughout gastrulation, epiblast cells dividing on average at least every 6 hr and in some axis of the embryo, with respect to where the more dorsal tissues of the embryo originate as opposed to has never been tested (see Gardner, 1998). However, isolated blastomeres from the two-cell stage can deventral ones, is dictated not by the shape of the conceptus but rather by where the primitive streak forms.
velop into mice, and at later cleavage stages adding, removing, or rearranging cells seems to have no effect The first intimation that axes of the conceptus might influence the orientation of the A-P axis of the embryo on the pattern of the surviving embryos. Such experiments also indicate that individually cells remain totipocame from histological studies on implanting blastocysts and early postimplantation egg cylinders (Smith, tent up to the time of blastulation, although their position during cleavage will influence their fate-inside cells 1980, 1985) . It appeared that the tilt of the 4.5 day blastocyst was preserved during implantation as a persistent tending to become ICM and outside cells becoming TE (see Hogan et al., 1994). bending of the ectoplacental cone to one side ( Figure  1 ). From these static descriptive studies, it was claimed
The strongest argument against graded cues present in the egg being responsible for dictating the orientation that this side corresponded to the side on which the primitive streak would form. However, when the visceral of axes is that when intact eight-cell embryos are simply placed in contact with one another they will aggregate endoderm was marked with horseradish peroxidase on the side toward which the ectoplacental cone tilted and, and form a single chimeric embryo. The initial aggregation and formation of a chimeric blastocyst occurs withsubsequently, the site of the nascent primitive streak determined, it was found that the streak was just as out cells from the two eight-cell embryos intermixing or sorting out (Garner and McLaren, 1974). Surely, the likely to form on the opposite side (Gardner et al., 1992). Therefore, at present, no decisive evidence indicates formation of two separate individual embryos, rather than a single chimeric one, would be the more likely that the axes of asymmetry in the postimplantation conceptus directly influence A-P pattern in the embryo itoutcome if each eight-cell embryo contained its own array of axial determinants inherited from the egg. It self. Moreover, the essential experiment of indelibly and clonally marking one or the other end of the 4.5 day has been argued (Gardner, 1998) that the proportion of nonchimeric offspring derived from such aggregation blastocyst tilt in order to examine whether there is any relationship between the direction of the tilt and where experiments is significant, but the reasons for this nonchimerism have never been clarified. Therefore, althe later A-P axis forms has yet to be attempted.
Before implantation the tilt of the 4.5 day blastocyst though it cannot be ruled out that pattern in the mammalian egg normally and necessarily influences the pattern probably arises from the axis of bilateral symmetry described in nascent blastocysts. By tracing the location of the blastocyst, there is no experimental evidence to demonstrate that it does. of polar bodies, this axis of bilateral symmetry has been traced back to the animal-vegetal axis of the fertilized While the axes of the conceptus have not yet been shown to directly influence the embryonic ones, the egg (Gardner, 1997). Very unexpectedly those polar bodies, tethered by a cytoplasmic bridge to their original importance of extraembryonic tissues in initiating embryonic pattern is becoming obvious. This is implicit site of extrusion, are not randomly positioned at the early blastocyst stage. They are almost always situated from the widespread distribution of ICM clones produced by blastocyst injection and examined using an in line with the blastocoelic surface of the ICM and at one or other pole of the axis of bilateral symmetry (Figure in situ lineage marker during gastrulation and early organogenesis (Beddington et al., 1989) . Clonal descen-1). This implies that in undisturbed development the animal pole of the egg maps to one pole of the early dants are found in all embryonic tissue types and distributed throughout the length and breadth of the embryo, blastocyst's axis of bilateral symmetry. Furthermore, the proteins leptin and STAT3 are clearly localized to the showing that epiblast cells must intermix extensively prior to gastrulation. Such mixing of clonal epiblast deanimal pole of mouse and human oocytes and during cleavage preferentially segregate to the trophectoderm scendants has now been shown to coincide with the epiblast becoming an epithelium on the sixth day of rather than ICM lineage (Antczak and Van Blerkom, 1997). Does this mean that pattern in the mammalian gestation (Gardner and Cockroft, 1998). Importantly, such cell mixing makes it unlikely that patterning inforegg does, after all, influence pattern in the conceptus and, thereby, possibly in the embryo itself? mation for axis formation can reside in the preimplantation epiblast. Therefore, it is more probable that it is The developmental lability of the preimplantation either the extraembryonic tissues or the mother that mammalian embryo has always been taken to indicate provides the initial cues for axis specification in mamthat neither mosaicism nor graded information in the egg mals. Influences from the mother via the uterus can could be essential for dictating subsequent embryonic probably be discounted, since it is possible to develop pattern. Recently it has been shown that fertile offspring early somite stage embryos with normal axes from blascan be produced from eggs in which a substantial voltocysts grown in vitro (Hsu, 1979). ume of either the animal or vegetal pole of the egg has been mechanically removed (Zernicka-Goetz, 1998).
This argues against localized determinants in the egg
Origin of the D-V and A-P Axes Undoubtedly, where the primitive streak forms is critical being required for subsequent pattern formation, although it does not necessarily rule out the presence of to the orientation of both the A-P and D-V axes. However, surprisingly, evidence has emerged recently for an influential gradient capable of regulation. Cleavage planes dictate that only at the eight-cell stage would precocious anterior patterning in the extraembryonic endoderm (anterior visceral endoderm [AVE]) of the blastomeres contain cytoplasm from different animalvegetal levels of the egg, and it is true that the potency mammalian conceptus, in both the mouse and the rabbit, before there is any sign of primitive streak formation of all eight individual blastomeres from a single embryo (reviewed by Beddington and Robertson, 1998 Beddington, 1996) . Thus, as gastrulation starts, the AVE is already a finely patterned tissue and so cannot deIn the rabbit embryo, the AVE underlying the epiblast is morphologically distinct, being more columnar in charpend on its patterning on products of the streak. Cell lineage studies have shown that the AVE is deacter than the rest of the visceral endoderm before gastrulation starts (Viebahn et al., 1995) . In the mouse such rived from a handful of endoderm cells situated at the distal tip of the 5.5 day conceptus, which alone express properties of the mammalian AVE, or it functions earlier than has been tested during chick development. Hex ( Recently, a mutation in Cripto has been described tion in nodal (a member of the TGF␤ superfamily encoding secreted signaling molecules; Varlet et al.
, 1997b). in the mouse that prevents the appropriate rotation of visceral endoderm and epiblast (Ding et al., 1998). Cripto
On their own these mutants do not reveal whether wildtype gene function is necessary in the AVE or needed is a gene encoding a member of a family of extracellular, membrane-associated proteins that contain cysteineonly in epiblast derivatives. However, when ES cells are injected into blastocysts they preferentially colonize rich and epidermal growth factor-like motifs, and there is evidence that Cripto may be a signaling molecule that epiblast and its derivatives (Beddington and Robertson, 1989) , and, therefore, it is possible to make chimeras in activates the MAPK pathway (Kannan et al., 1997). The product of the one-eyed pinhead gene in zebrafish, which the extraembryonic tissues can be of one genotype and the epiblast and its derivatives of another. In which when mutated results in defective anterior development and cyclopia, also belongs to this family (Zhang this way a number of genes have been shown to be essential in extraembryonic tissues for development to et al., 1998). In the mouse embryo, Cripto initially is expressed uniformly in the epiblast, but before gastrulaproceed normally, and in a few cases this requirement has been shown to be a patterning one rather than simtion its transcripts become restricted to the region of the proximal rim of the epiblast that will give rise to the ply nutritive.
When chimeras are made from wild-type ES cells instreak (Figure 2). Embryos homozygous for a loss-offunction mutation in Cripto do not orientate their A-P jected into Otx2
Ϫ/Ϫ morulae, anterior development is never initiated, even though the epiblast may be excluaxis correctly. Instead, both AVE markers and anterior ectoderm markers such as Hesx1 remain located dissively or predominantly wild type ( Figure 3 ). When Otx2 Ϫ/Ϫ ES cells are injected into wild-type morulae, tally, and extraembryonic mesoderm markers, which should be posterior, are proximal. Interestingly, alproducing predominantly mutant epiblast, anterior development is initiated correctly, but it is not maintained though there is neither a streak nor an organizer, an ectopic AVE is present, and even more revealing, the (Rhinn et al., 1998 
, 1998). in the epiblast of certain genes that will be expressed
While the node does not initiate anterior pattern in the in the streak. Certainly, the absence of BMP4 causes mouse embryo, it is undoubtedly important in maintaining and extending it, and it is no accident that node most embryos to arrest at the egg cylinder stage and derivatives express much the same repertoire of genes been recognized for many years, not least in its distinct head organizer and trunk organizer activities (see Haras the AVE (see Beddington and Robertson, 1998). Recombining tissues produced by the node with ectoderm land and Gerhart, 1997). What the mammalian embryo demonstrates is that these two organizing activities can shows that axial mesendoderm is necessary for induction of the midbrain-hindbrain junction marker, Enbelong to separate tissue lineages, the primitive endoderm (head organizer) and the epiblast (trunk organizer). grailed, in neurectoderm (Rhinn et al., 1998) to explain what has happened, the embryo does not. In Drosophila, the early A-P axis has distinct termini that inhibiting BMP and Wnt activities ( Figure 2B ). In this respect, one might predict that anterior development elaborate a spatial gradient between both termini. This gradient determines the expression boundaries of gap should be initiated normally in mutant embryos lacking Bmp4 or BmprI/Alk3. A requirement for inhibiting Wnt genes whose removal will lead to a gap phenotype, for example, intact termini but a missing midsection. In activity is indicated by the effects of ectopically expressing chick Wnt8 in mouse embryos. As well as its streak mammals no such gap phenotypes have been described for early axial pattern. Loss of part of the trunk invariably duplicating activity, Wnt8 can later caudalize nascent CNS, apparently expanding the midbrain at the expense includes loss of one or other of the termini. It may be that in a rapidly growing embryo the production of a of the forebrain (Pö pperl et al., 1997) . Exactly how first the AVE and then node derivatives inhibit BMP and Wnt seamless axis depends more on the timetable and order activities has yet to be established, but it is likely to of forming different tissues from each termini than geninvolve secretion of inhibitory binding molecules that erating a morphogen gradient that encompasses and can protect adjacent ectoderm from caudalizing or dictates all axial levels. If in mammals we are dealing mesoderm-inducing influences ( Figure 2B That the amphibian organizer is heterogeneous has vertebrate species implies that determination of the L-R axis is controlled by a highly conserved pathway. In the L-R pattern referred to as heterotaxia. In other cases, organs may develop as either right or left mirror images mouse, although the left and right sides of the embryo are established when the A-P and D-V axes form, the called isomerisms. Thus, genetics suggests that the L-R pathway is finely balanced with perturbations at differembryonic body plan remains effectively bilaterally symmetrical for several days afterward. Only when the ement levels of the cascade inflicting different insults on final body situs. Interfering early tends to randomize or bryo reaches early somite stages does the first anatomical sign of an L-R difference become apparent: the reverse overall situs, whereas later disturbances alter only some organs. primitive heart tube invariably curves to the right of the ventral midline. By the 6-to 8-somite stage, more extenIn humans ICS results in randomization of total body situs, implicating a gene that acts early during the L-R sive L-R asymmetry begins to emerge as the embryo starts to rotate about its A-P axis. This turning requires pathway. ICS is caused by a mutation in a microtubuleassociated dynein gene (Afzelius, 1985) , a fact that intwisting of the embryo in an anticlockwise direction along its entire rostrocaudal axis. Axial rotation is couformed a candidate gene approach employed to identify the product of the mouse iv mutation. A number of dypled with ventral closure when the edges of the definitive gut endoderm and the most lateral aspects of the embrynein genes map to the distal region of mouse chromosome 12 where the iv mutation resides, and one of these, onic body wall grow toward each other and fuse along the ventral midline. The mechanism(s) underlying these a member of the class of axonemal dynein proteins, was recently shown to correspond to iv (Supp et al., 1997). orchestrated and directional morphogenetic events, which obviously require coordinated movement in multiIn the original iv/iv mouse strain, the mutation causes a single amino acid change in a highly conserved region ple embryonic tissues, is poorly understood. Laterally asymmetric cell proliferation combined with the physical of the motor domain, and the gene has been named left-right dynein (lrd). As yet, there is no formal genetic constraints imposed on the embryo by its surrounding extraembryonic membranes may provide both the impeproof that this missense mutation in lrd leads to lossof-function of the protein in iv/iv mice. However, lrd tus and directionality for some of them. Certainly, mesodermal tissue located at the most lateral edges of the also maps to the 600 kb deletion associated with the transgene insertion mutation legless, which is allelic to embryo proliferates more on the left side than on the right (Miller and Runner, 1978) .
iv. Homozygous lgl mutants lack lrd and also display random body situs (Supp et al., 1997). Transcripts of lrd During and after turning, organ situs patterns start to emerge. For example, the stomach and liver, which are can be detected at preimplantation stages but are most abundant and symmetrically distributed in the 7.5 day both derivatives of the gut, come to lie on different sides of the midline. Bilaterally paired organs also acquire mature node. Expression is then widespread, including some ciliated epithelia, although the function of later lrd marked L-R differences. On the left side of the thoracic cavity, a single lobe lung primordium forms, whereas expression does not seem to be essential because apart from situs defects iv/iv animals are normal and fully enhanced branching morphogenesis produces a fourlobed lung on the right. Interestingly, this difference is fertile. That randomization of the mammalian L-R axis can be due to the absence of an intracellular motor is intrinsic to the developing organ because isolated left and right lung primordia in culture maintain their respecconsistent with the notion that asymmetric movement of molecules is crucial for the initial specification of L-R. tive branching pattern. How do cells and tissues know on which side of the body they lie? This is an intriguing
The transgene insertion causing the inv mutation deletes the coding sequence of a gene encoding a novel theoretical problem and one that has provoked a number of conceptual models ( apparent lack of situs defects in chimeric nodal mutant embryos (Varlet et al., 1997a ). In the chick, the SHH Compound heterozygotes for mutations in nodal and HNF3␤, which have a high incidence of laterality defects, pathway has been implicated in regulating nodal, because LPM expression of nodal is completely blocked also show altered nodal expression. In these embryos it is expressed bilaterally and somewhat abnormally in and heart looping randomized by application of anti-SHH antibodies (Pagan-Westphal and Tabin, 1998). the LPM (Collignon et al., 1996) . lefty-1 mutants also result in situs defects, which can be traced back to However, genetics suggests that shh is not required to establish normal situs either in mammals (Chiang et al., disturbed expression of lefty-2 and nodal in the LPM: lefty-2 expression changing first, closely followed by 1996) or zebrafish ( domains. However, the chick homolog of lefty has never been tested in these experiments, and in such overexblocks asymmetric Pitx2 expression (Ryan et al., 1998) . Thus, Pitx2 expression is almost certainly controlled by pression assays it is always possible that an overabundance of Lefty protein binds unphysiologically to TGF␤ Nodal and Lefty presumably operating via the activin signal transduction pathway (see below). However, the receptor complexes to activate them. It is also possible that Lefty acts in a different way because Lefty moleabsence of situs defects in chimeras containing almost exclusively nodal mutant cells (Varlet et al., 1997a) indicules lack the conserved cysteine residue normally used to form active dimers (Meno et al., 1996, 1997). Therecates that in the LPM Nodal and Lefty-2 may serve the same function. Wherever it has been studied, the fore, it could instead be an extracellular antagonist of TGF␤ signaling, blocking ligands or their receptors. Insidedness of Pitx2 expression seems always to follow that of nodal and lefty, and therefore these genes collecdeed, in Xenopus animal caps, overexpression of chimeric molecules comprising the Bmp2 prodomain joined tively are seen as the important executors of L-R pattern.
